-Bz)] (2) (phen ¼ 1,10-phenanthroline; Bz ¼ benzoate) have been synthesized and characterized using elemental analysis, TGA, spectroscopic (IR, UV-vis-NIR and ESR) and single crystal Xray diffraction techniques. Change of the solvent from methanol to DMF results in changes in the architectures that are triggered by a change from square pyramidal to octahedral coordination at the divalent metal centers for complexes 1 and 2 respectively. The structural topology of the complexes is established by the interplay of strong O-H/O and weak C-H/O, C-H/C, p-p stacking interactions.
Solvent-driven structural topology involving energetically significant intra-and intermolecular chelate ring contacts and anticancer activities of Cu(II) phenanthroline complexes involving benzoates: experimental and theoretical studies † Unconventional parallel intramolecular and anti-parallel intermolecular contacts involving the chelate rings (CR) also stabilize the structures. The energetic analyses of the structures evidence that the parallel arrangement is energetically favoured which is likely due to the presence of the Cu/Cu cuprophilic interaction in 1 that is not established in 2. Compound 1 exhibits the highest antibacterial activity against
Rhizobium leguminosarum among the tested cultures. In vitro cytotoxicity and apoptosis studies were carried out for compounds 1 and 2 on malignant Dalton's lymphoma cell line (DL). Both compounds showed a significant effect on the decrease in cell viability as compared to a control, while compound 2 induced remarkable cytotoxicity towards DL cells. Treatment also showed the appearance of membrane blebbing, chromatin condensation and fragmented nuclei which are typical characteristic features of apoptotic cell death. Furthermore, a docking study revealed that both compounds docked in the active sites of all the cancer target proteins under study. Moreover, SAR analysis revealed that oxygen and nitrogen atoms of compound 1 and the oxygen atoms of compound 2 are crucial for biological activities.
Introduction
There has been signicant interest in the eld of structural and supramolecular chemistry of mixed ligand metal complexes owing to their potential applications in magnetic devices, non-linear optics, supramolecular catalysis, porous and zeolite-like materials with a wide range of coordination geometries. [1] [2] [3] [4] The copper(II) complexes of 1,10-phenanthroline and its derivatives, attract great attention since they exhibit numerous biological activities such as antitumor, anti-Candida and anti-microbial etc.
5- 9 The dimeric copper complexes have reached clinical assays, which paves the way to copper-based anticancer therapeutics.
10
One of the important strategies of structural topology is to establish the likely connections between organic and/or inorganic molecular building blocks by exploiting non-covalent interactions.
11, 12 The most commonly used strategies in the organization of multi-component supramolecular assemblies are van der Waals, ion pairing, p-hole 13 and hydrogen bonding interactions 14 and, particularly, those involving aromatic systems like p-p stacking, 15 cation-p, 16 anion-p, 17 etc. Nowadays, the pp stacking interactions, are very well characterized experimentally and theoretically, referred to as "unconventional" or "nonclassical" which includes chelate ring stacking interactions involving transition metals. [18] [19] [20] Recent works suggest that these interactions are dominating contributors to the stability of inorganic and metal-organic crystal structures.
Carboxylate groups that can display a wide variety of coordination modes such as terminal, chelating, bridging, syn-anti, anti-anti are used for designing poly-nuclear complexes with interesting structures and topologies. 24 The structures of the ancillary ligands and reaction conditions have been shown to have profound effects on the binding mode of carboxylate moiety of benzoic acid to the metal centers. 24 Moreover, properties of copper(II) carboxylates and the coordination abilities of carboxylate ions can be varied to a large extent using nitrogen donor ligands with appropriate functionalization. 25 It has been observed in the literature that coordination of benzoate as paddle wheeled fashion in Cu(II) complexes has been rare. 26 Besides, monodentate as well as bidentate coordination of benzoate with metal centers observed in literature data.
27
Solvent is an essential component for any reaction in solution. The choice of solvents is an important parameter in the synthesis of crystalline materials and is key to construct various coordination networks, although no recipe known so far explains the reasoning behind it.
28 When the same ligand is allowed to react with the same metal salt in different solvents with the same exterior conditions, the performance of the ligands, the coordinated small neutral molecules and the solvent systems oen play important role in the self assembly processes in the complexes.
29
In order to realize the interplay of non-covalent interactions as well as effect of solvent and ancillary ligand on supramolecular coordination networks, we succeeded in synthesizing ( characterized by single-crystal X-ray analysis. Along with water, we have used methanol and DMF as solvents to synthesize the reported complexes. It is interesting that during syntheses of 1 and 2, switching the solvent from methanol to DMF results in fundamental changes in the architectures that are triggered by the change from square pyramidal to octahedral coordination. Benzoate ligands coordinated to the metal centers as paddle wheel; result in a self-assembled novel tetramer in 1; whereas both monodentate as well as bidentate coordination of benzoate in the same metal centre is observed in 2. Such solvent-driven diversity in coordination mode of benzoates in phenanthroline complexes of transition metals are scarcely reported in the literature. Apart from reporting the synthesis and crystal structure of the compounds, we also aim to study the weak non-covalent interactions that may govern the stability of the structures. We have used the molecular DFT calculations and NCI index analyses to evaluate energetically the strength of the unconventional contacts involving chelate rings in both the compounds. The anticancer potential of complexes 1 and 2 were validated in vitro in malignant DL cell line considering cytotoxicity, apoptosis and molecular docking as parameters.
Experimental

Materials and physical measurements
All reagents used in this work were of obtained from Sigma Aldrich and Merck (India) Ltd. and used without further purication. Deionized water was used as a reaction medium. Elemental analyses were carried out using a PerkinElmer 2400 Series II CHNS/O analyzer. KBr phase FT-IR spectrum was recorded in a Shimadzu FTIR-8400S spectrophotometer in the mid-IR region (4000 to 400 cm À1 ). The diffuse-reectance UVVis-spectra were recorded using a Shimadzu UV-2600 spectrophotometer. Room temperature magnetic susceptibilities were measured at 300 K on a Sherwood Mark 1 Magnetic Susceptibility balance by Evans method. Thermogravimetric studies were carried out under a ow of N 2 gas using a Mettler Toledo TGA/DSC1 STAR e system at a heating rate of 10 C min À1 . The Xband EPR spectra were recorded using a JEOL JES-FA 200 instrument. 
Syntheses
Crystallographic data collection and renement
Molecular and crystal structures of 1 and 2 were determined by single crystal X-ray diffraction technique. X-ray diffraction data collection was carried out on a Bruker SMART CCD diffractometer with graphite monochromatised Mo Ka radiation (l ¼ 0.71073Å). Crystal structures were solved by direct method (SHELXS) and rened by full matrix least squares techniques (SHELXL-2018/3) using the WinGX 30 platform available for personal computers. The hydrogen atoms in both the compounds were located in difference Fourier maps and rened with isotropic atomic displacement parameters except for the two lattice water molecules of 1. The structural diagrams were drawn with Diamond 3.0.
31 Data collection and renement parameters for the complexes 1 and 2 are summarized in Table 1 .
Theoretical methods
The geometries of the complexes included in this study were computed at the B3LYP-D/6-31+G* level of theory using the crystallographic coordinates. For the calculations we have used the GAUSSIAN-09 program. 32 We have also used the Grimme's dispersion 33 correction since it is adequate for the evaluation of noncovalent interactions. The basis set superposition error for the calculation of interaction energies has been corrected using the counterpoise method. 34 The NCI plot 35 iso-surfaces have been used to characterize noncovalent interactions. They correspond to both favorable and unfavorable interactions, as differentiated by the sign of the second density Hessian eigenvalue and dened by the isosurface color. The color scheme is a red-yellow-green-blue scale with red for r cut + (repulsive) and blue for r cut À (attractive). The Gaussian-09 B3LYP-D/6-31+G* level of theory wave function has been used to generate the NCI plot.
Antimicrobial activity
The antimicrobial activity of complexes 1 and 2 and its main ligand were studied by the disc diffusion method against the pathogenic organisms [Staphylococcus aureus (MTCC3160), Escherichia coli (MTCC448), Rhizobium leguminosarum (MTCC99) and Rhizoctonia solani (MTCC4633)]. All the experiments were performed in Petri plates and were repeated twice. Nutrient agar (Himedia) was used as a media for bacterial growth while potato dextrose agar (PDA) was used as media for fungi (Hi-media). All the sterilized materials were kept under the Laminar Air Flow (Sensocon/S2000-25MM). The test cultures were spread using L spreader on the top of the solidied media and kept for 10 minutes and the compounds of concentrations 125 mg mL À1 , 150 mg mL À1 , 200 mg mL À1 , 250 mg mL À1 , 300 mg mL À1 , 325 mg mL À1 and 350 mg mL À1 were added to each disc. The cultures were incubated at 37 C for 24 hours (bacteria) and at 28 C for three days (fungi) in an incubator (Scigenics-Orbitek BOD-350L). DMSO was used as a negative control in the experiments. Oacoxin (antibacterial) (5 mg per disc) and Ketoconazole (antifungal) (10 mg per disc) was used as positive control. The diameters of the inhibition zones were measured following the incubation period with slipping calipers recorded in millimeter.
36,37
Cell line and treatment plan
The anticancer activities of the compounds were studied in in vitro condition for 24 h using Dalton's ascites lymphoma (DL) cell line. The DL cells were cultured in RPMI-1640 supplemented with 10% FBS, gentamycin (20 mg mL À1 ), streptomycin (100 mg mL À1 ), and penicillin (100 IU) in a CO 2 incubator at 37 C with 5% CO 2 ; 80% conuent of exponentially growing cells was sub-cultured and used in the experiments.
MTT based cell viability assay
The MTT cell viability assay was performed in DL (cancer cell) and peripheral blood mononuclear cells (PBMC) (normal cell) according to the instructions in the kit (MTT, manual from Boehringer Mannheim, Cat. No. 1465 007). Aer incubation with different concentration (0, 0.01, 0.1, 0.5, 1, 5 and 10 mM) of both compounds for 24 hours, 10 mL of the MTT labeling reagent (0.5 mg mL À1 ) was added into each well except the empty wells. The microtiter plate was then incubated for four hours in a humidied atmosphere, at 37 C and 5% CO 2 . Aer that, 100 mL of the DMSO was pipetted into each well. The plate was checked for complete solubilization of the purple formazan crystals under the inverted phase microscope followed by measurements of optical density at the wavelength of 550 nm. 38, 39 The percentage of cell viability was calculated using the following formula:
A dose-response curve (% cell viability versus sample concentration) was plotted and the sample concentration that inhibits 50% of the cell viability (IC 50 ) was determined.
Apoptosis study
Fluorescence based apoptotic cell death was determined using acridine orange and ethidium bromide (AO/EB) staining method. 40 Control and treated DL cells were collected aer 24 hours treatment, washed with PBS and to the cell suspension; AO/EB (100 mg mL À1 of each dye) was added, mixed gently and incubated for 5 min. The cells were thoroughly examined under uorescence microscope and photographed. About 1000 cells were analyzed, and the percentage of apoptotic nuclei was determined. Viable cells were identied by bright uniform green nuclei with organized structures; apoptotic cells contain condensed or fragmented chromatin with red or orange nuclei.
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Molecular docking simulation
The interaction of the proteins and the compounds 1 and 2 were carried out using Molegro Virtual Docker (MVD 2010.4.0) for Windows, which has gained wide use among medicinal chemists. The 3-dimensional (3D) coordinates of multiple cancer causing target proteins were selected and obtained through the Structural Bioinformatics (RCSB) protein data bank (PDB). The PDB id 4XV2 (melanoma, colorectal, thyroid and non-small cell lung cancer), 5LWE (ovarian cancer, prostate cancer, pancreatic cancer, large B cell lymphoma, melanoma), 4FLH (colon, brain, gastric, breast and lung cancer), 1XKK (non-small cell lung cancer, bladder cancer, breast cancer and glioblastoma) were selected based on the potential roles in multiple cancer types. The molecular arrangement and geometry of both the compounds were fully optimized using the semi empirical quantum chemistry method (PM3). The docking parameters were run using a GRID of 15Å in radius and 0.30 in resolution with number of runs: 10 runs; algorithm: Moldock SE; maximum interactions: 1500; maximum population size: 50; maximum steps: 300; neighbor distance factor: 1.00; maximum number of poses returned: 5 to cover the ligand-binding site of the proteins structure. Templates with features expected to be relevant for ligand binding were generated to perform docking. 43 Protein-ligand binding site was further analyzed and visualized by using Discovery studio and Chimera soware.
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Post docking, Structure Activity Relationships (SAR) of compounds 1 and 2 was carried out based on the docking as well as bioassay results available in NCBI database (https:// www.ncbi.nlm.nih.gov/) for the parental template of both compounds.
Statistical analysis
Data are expressed as mean AE standard deviation (S.D.). To determine the signicance of the differences among the groups, one-way ANOVA was performed followed by post hoc test (Tukey analysis). P # 0.05 was considered to be statistically signicant.
Result and discussion
Synthesis and general aspects
The compound [Cu 2 (m 2 -Bz) 4 (Fig. S2 †) . The absorption features exhibited by 2 in the solid state are an outcome of the distorted octahedral geometry 51 around the Cu 2+ centre (Fig. S2 †) . The UV bands originating from the ligand to metal charge transfer transition are observed in the expected positions for both the complexes. 52 
Crystal structure analysis
The single crystal X-ray diffraction analysis reveals that complex 1 crystallizes in the monoclinic system with C2/c space group. The complete dianionic part is generated by crystallographic inversion symmetry, to give an overall composition for 1 of
( Fig. 1) . One of the two complex molecules contains di-m-
(1a) cation moiety whereas the other motif is a di-nuclear benzoate bridged paddle wheel [Cu 2 (m 2 -Bz) 4 (CH 3 OH) 2 ] (1b) as neutral moiety. The two nitrate ions outside the coordination moieties act as counter anionic motifs neutralizing the di-positive charge of the overall complex 1. We have used the angular structural parameter s ¼ (b À a)/60 as a general descriptor for a ve-coordinated copper center to determine the coordination geometry (s ¼ 1 for an ideal trigonal bi-pyramid and s ¼ 0 for an ideal square pyramid). 53 The values of s are 0.228 and 0.030 for (1a) and (1b) respectively, which indicates the coordination environment for both the moieties of Cu(II) centers are ideal square pyramidal geometry. The distorted square-pyramidal environments around each copper have a crystallographic axis of symmetry in both the crystallographically different molecules. The coordination environment around each Cu(II) centre in the asymmetric unit of the rst complex motif (1a) consists of two nitrogen atoms of a phenanthroline (N1, N2), two oxygen atoms of the carboxylate groups of benzoate (O1, O2) and one aqua ligand O(3) occupying the apical positions in the two metal centres. In the basal plane, the average Cu-N distance is 2.018 A, and the Cu-O distance is 1.945Å, is in good agreement with those structurally analogous complexes.
54, 55 The deviations of Cu (1) The molecular structure of 2 is shown in Fig. 2 , selected bond distances and angles are listed in Table 2 . In the crystal structure of 2, (Fig. 2 ) the coordination polyhedron of the copper atom is a highly distorted octahedron of the CuN 2 O 4 type, the octahedron environment of Cu(II) centre is completed by two benzoate ligands, one phenanthroline and one aqua ligand. The equatorial positions are occupied by two nitrogen atoms (N1, N2) of phenanthroline and one oxygen atom (O3) of bidentate benzoate whereas the remaining oxygen atom (O5) of water is in axial position. Interestingly, benzoate ligand is coordinated via both monodentate as well as bidentate fashion to the Cu(II) centre. All the Cu-O(benzoate) and Cu-N(phenanthroline) bond distances compare well with the distances found in the reported similar Cu(II) complexes. 56 The least squares plane of the atoms Cu1, N1, N2, O3, and O5 has an rms deviation of 0.5263Å.
For both the complexes 1 and 2, the crystal packing is established by the interplay of strong O-H/O hydrogen bonds and C-H/O, C-H/C, p-p stacking weak interactions as well as electrostatic forces. The hydrogen bonding parameters are given in Tables 3 and 4 .
In addition to the conventional interaction between the pclouds of the aromatic rings, the cationic moiety of compound 1 is stabilized through chelate ring/chelate ring (CR/CR) and Cu/Cu cuprophilic interaction 57 along the bc plane (Fig. 3a) . The chelate rings of coordinated phenanthroline which is located over the central aromatic ring of phenanthroline is involved in symmetrical CR/CR interactions with the another chelate ring having the centroid-centroid separation of 3.501(1) A. Aromatic p-p stacking interaction is also observed between the phenyl rings of coordinated phenanthroline having the centroid-centroid separation of 3.971(1)Å. In addition, Cu/Cu cuprophilic interaction is also observed between the two Cu atoms of the cationic moiety of compound 1 having the bond distances of 3.162(4)Å.
Both the complex moieties of compound 1 formed a supramolecular dimeric assembly (Fig. 3b) which is assisted by strong O-H/O hydrogen bonds, C-H/C, C-H/O, C-H/p and p-p stacking interactions. Aromatic p-p stacking interaction observed between the pyridine rings of phenanthroline moiety of one cationic unit with phenyl ring of benzoate of another units having centroid-centroid separation of 3.68Å. The closest distances between two carbon atoms are C17-C19 ¼ 3.571Å. The -CH group of coordinated methanol of one of the dinuclear Cu(II) cationic unit is involve in C-H/C contact 58 with the carbon atom of the phenyl ring of coordinated benzoate
On the other hand, C-H/O interaction is also observed between the complex units having the donor acceptor bond distances of C25-H25/O3 ¼ 2.921Å.
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Lattice nitrate ion acts as a cross link between the complex moieties present in the asymmetric unit of 1 also stabilized the overall supramolecular network in 1 (Fig. 4) aqua ligand of one of the cationic moiety of O3-H3B/O6 ¼ 1.99 A. C19 phenyl ring benzoate of one of the cationic unit of 1 involve in C-H/O interaction with O4 of lattice nitrate having C19-H19/O4 ¼ 2.52Å. These cooperative intermolecular hydrogen bonding interactions involving the lattice nitrate in the crystal structure of 1 play a signicant role in the association of cationic moieties of 1 into a layered supramolecular architecture. The structural analyses of the compound 1 showed that hydrogen bonding interactions O-H/O, C-H/O, C-H/C and p/p, C-H/p stacking interactions play a signicant role for the stabilization of complex moieties resulting in 2D layered supramolecular network along ab plane (Fig. 5) .
A closer look reveals that weak intermolecular interactions play an important role in the crystal structure of complex 2. Two symmetrically related CR/p interactions observed between the monomeric units of 2. The ve membered chelate ring (CR) is located over the central aromatic ring of phenanthroline. The chelate ring of coordinated phen moiety is involved in symmetrical CR/p interactions ( Fig. 6b) with another phenyl ring of phenanthroline moiety with the centroid-centroid separation of 3.761(1)Å. In addition, C-H/O hydrogen bonding interaction is also observed between the O4 of bidentate benzoate moiety with phenyl ring of coordinated phenanthroline having the donor acceptor bond distances of 3.264Å. Both these CR/p interactions and C-H/O hydrogen bonding interaction contribute to the stabilization of the supramolecular dimer of 2. Fig. 6a shows that there are C-H/C contacts 58 between phenyl rings of benzoate ligands involving the neighboring monomeric units which in turn propagate the 1D chain along the ab plane. The -CH group of phenyl ring of one of the monodentate benzoate of Cu(II) unit is involved in C-H/C contact with the carbon atom of the phenyl moiety of neighboring bidentate benzoate moiety having C-
The 1D supramolecular chain propagates via weak C-H/O hydrogen bonding and aromatic p-p stacking interactions between the monomeric units resulting in a 2D-layered architecture. Two kinds of C-H/O hydrogen bonding interactions (Fig. 7 ) exist in the 2D network structure of 2 associated with benzoate rings. One of the bidentate oxygen atom (O4) of benzoate ligands attached with another molecule through C-H/O hydrogen bonding interaction with the distance C-H/O ¼ 2.84Å. Interestingly, the C-H group at the para carbon of the phenyl ring of monodentate benzoate also involved in C-H/O intermolecular hydrogen bonding with donor-acceptor distance of 3.45Å. Aromatic p-p stacking interactions are observed between two different monomeric units having the centroid to centroid distance of 3.85Å. Both C-H/O hydrogen bonding and p-p stacking interactions play a crucial role for the propagation of 1D supramolecular chain of monomeric units of 2; resulting 2D layered architecture along ab plane (Fig. 7) .
Theoretical study
The theoretical study is devoted to study the p-stacking interactions involving the extended p-system of the phenanthroline ligand that also embraces the ve membered CuNCCN chelate ring. In compound 1 the interaction is parallel and intramolecular (see Fig. 3a ) and in compound 2 it is antiparallel and intermolecular. In the latter, this interaction is responsible of the propagation of an innite 1D chain in the solid state, as illustrated in Fig. 6b .
First of all, we have studied energetically the intramolecular p-p interaction in compound 1 (see Fig. 8a ), where in addition to the conventional interaction between the p-clouds of the aromatic rings (blue colored), both chelate rings also interact (centroid to centroid distance 3.50Å, see green colored rings). It has been recently published that chelate ring/chelate ring (CR/CR) and chelate ring/arene (CR/p) interactions are energetically stronger than conventional p-p interactions.
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We have evaluated energetically the strength of the interaction in compound 1 as a difference of two conformations, assuming that most of the difference is due to the lack of the p-interaction in the conformer depicted in Fig. 8b is an intuitive visualization index that enables the identication of non-covalent interactions easily and efficiently. The NCI plot is convenient to analyze host-guest interactions since it clearly shows which molecular regions interact. The color scheme is a red-yellow-green-blue scale with red (repulsive) and blue (attractive). Yellow and green surfaces correspond to weak repulsive and weak attractive interactions, respectively. The representation of the NCI plot is shown in Fig. 8c . As noted, an extended isosurface between both aromatic ligands conrms the p-p interaction. The isosurface clearly extends to the chelate ring, thus revealing the CR/CR interaction. Moreover, the color of the isosurface is more intense between the Cu atoms, thus suggesting the participation of a Cu/Cu cuprophilic interaction (see red dashed lines in Fig. 8a ). As aforementioned, in compound 2 we have studied the antiparallel p-stacking interactions between the coordinated phen ligands that are responsible of the propagation of an innite 1D chain in the solid state (see Fig. 6b ). A close examination of the geometry reveals that the ve membered chelate ring (CR) is located over the central aromatic ring of phenanthroline, thus establishing two symmetrically related CR/p interactions (denoted as dashed lines in Fig. 9a) . We have computed the interaction energy of this dimer that is DE 2 ¼ À24.3 kcal mol À1 , moderately stronger than the parallel pstacking interaction estimated for compound 1. However, this dimer also presents two C-H/O interactions, as indicated by blue dashed lines in Fig. 9a thus further This energetic analysis evidences that the parallel arrangement is energetically favoured, which is likely due to the presence of the Cu/Cu interaction in 1 that is not established in 2. We have also computed the NCI plot index in order to characterize the pp interaction in the dimer of 2 (see Fig. 9c ). The hydrogen bond is characterized by a small green isosurface that is located between the O atom of benzoate and one aromatic H atom of phenanthroline ligand. In addition, an extended green isosurface located between the two aromatic ligands characterizes the p-stacking that clearly extends to the chelate rings and explains the large binding energy obtained for this dimer.
EPR spectra
Electron paramagnetic resonance (EPR) spectroscopy is a powerful tool in the study of the structures and environments of species that contain unpaired electrons. The solid state EPR spectrum of complex 1 was recorded at room temperature ( Fig. 10a) and is of axial symmetry with g t ¼ 2.05 and g k ¼ 2.24 which is consistent with the square-based geometries found in the Cu(II) centers in the dimer. 61 The spectrum of 1 in solid phase do not show the usual hyperne signal indicative of exchange interaction between two Cu(II) centres. The X-band ESR spectrum of a powdered sample of 2 (Fig. 10b) was recorded at room temperature. The spectrum shows an anisotropic signal characteristic of Cu(II) ion in octahedral geometry. At room temperature, complex 2 exhibits an axial spectrum with g k ¼ 2.31 and g t ¼ 2.10 without hyperne splitting (Fig. 10b) . The fact that g k > g t is consistent with a d x 2 Ày 2 orbital ground state of the copper ion. The spectrum is consistent with a distorted octahedral geometry around the Cu(II) ion. 62 
Thermal analysis
Thermogravimetric analysis of complex 1 and 2 were carried in C under N 2 atmosphere at a heating rate of 10 C min À1 (Fig. 11) . For complex 1, the stages of decomposition are within 
Antimicrobial study
The antimicrobial activity of the compounds 1 and 2 and the ligand phenanthroline was evaluated against four pathogenic organisms by disc diffusion method. The zone of inhibition exhibited by the compounds and the ligand at different concentrations are summarized in Table 5 . In Fig. 12 , a picture showing the inhibition zones of the compound 1 with concentration 150 mg mL À1 is shown. The results are compared with the standard and % activity index was calculated ( Table 6 ). The activity of the ligand and the complex are compared. A comparative study of the ligand and the compounds 1 and 2 at different concentrations indicate that ligand exhibits moderate antibacterial activity with respect to the complex against all the microorganisms. The minimum inhibitory concentration values revealed that complexes have relatively better antibacterial activity compared to the ligand (Fig. 13) . This might be due to a reduction in the polarity of the metal ion by partial sharing of its positive charge with the donor groups, increasing the lipophilic nature of the central metal ion, which in turn favors its permeation into the lipid layer of the membrane. 65 The antimicrobial activity for the complexes 1 and 2 are similar to already reported complexes of Cu(II) involving phenanthroline. 48, 58, 66 No signicant activity was found on screening compounds 1-2 and phenanthroline against the fungi Rhizoctonia solani (MTCC4633) under the assay conditions.
Cell viability study
The analyses of cell viability results obtained for compounds 1 and 2 on DL cell line treated for 24 hours showed signicant (P # 0.05) concentration dependent decrease (P # 0.05) in cell viability by the latter compared to the former. Interestingly, negligible cytotoxic effect was observed against normal cells (PBMC) as compared to cancer cell (DL). The analyses of mean IC 50 using concentration-response curves obtained for cisplatin, compounds 1 and 2 were 0.584 mM, 1.426 mM and 0.781 mM respectively (Fig. 14) .
In vitro cytotoxicity study using MTT assay is important step in the search for new therapies against cancer and it is considered to be one of the most important preliminary screening method for cell proliferation and anticancer activity. 67, 68 The parameter used here is IC 50 based on cell viability, which corresponds to the concentration required for 50% inhibition of cell viability. The IC 50 of the synthesized compounds compared to the reference drug is shown in Fig. 14 . Compounds 1 and 2 induced less cytotoxicity in normal cell (PBMC) as compared to cancer cell (DL) at different concentration may be due to the less or no hypoxic condition in normal cells. 68 This selective cytotoxicity in DL cells may happen due to hypoxic environment of cancer cells that promotes the reduction of Cu(II) to Cu(I), leading cell cytotoxicity mediated by oxidative stress.
24,25 From the results in Fig. 14 , it was found that both compounds showed potent anticancer activity comparable to that of reference drug, cisplatin. As per the earlier standard 69,70 pure compounds with potency of 10 mM (4 mg mL
À1
) or less in cell culture studies and selectivity index (SI) value less than 2 are further considered for evaluation as chemotherapeutic agents in preclinical studies using animal models.
71 A similar Cu(II) complex with phenanthroline has been reported for potent antitumor activity with IC 50 values of 7.4 mM against Sarcoma-180 and 26.4 mM against myoblast cells (normal cell), displaying selectivity toward the tumor cell tested in vitro (SI > 3). 72 In addition, the cytotoxic activities of mixed-1,10-phenanthroline-Cu(II) complexes in the 1-3 mM range have also been reported against leukemia and carcinoma cells.
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The compounds 1 and 2 therefore, could be considered as a new lead compounds for further development/validation to obtain more potent and selective chemotherapeutic agents against different human cancer cell lines both in vivo and in vitro.
Apoptosis study by AO/EB method
DL cell line was then tested for the induction of apoptosis by means of acridine orange (AO) and ethidium bromide (EB) staining followed by morphological analysis of nuclei aer exposure to different concentrations (0.5, 1 and 5 mM) of compounds 1 and 2 (Fig. 15) . Control group showed mostly viable DL cells identied by bright uniform green nuclei with organized structures. Compounds 1 and 2 treated cells showed concentration-dependent increase in apoptotic features in DL cells. Lower concentration showed mostly early apoptotic cells with nuclear marginalization and chromatin condensation. Whereas, higher concentration showed late apoptotic features which includes fragmented chromatin, cytoplasmic vacuoles and apoptotic bodies (under 400Â).
As MTT assay alone is not capable to explain the mechanisms of cell death therefore; the dual staining method using AO and EB was further used to assess the apoptotic inducing activity of these synthetic Cu complexes. AO/EB uorescent staining allows differentiating between normal and apoptotic cells based on differential nuclear staining pattern.
74 Both methods are a qualitative and quantitative method to detect cell deaths.
67, 75 The results of changes in staining pattern and nuclear morphology of treated and control DL cells aer exposure to Cu complexes are shown in Fig. 15 . Due to the difference in the membrane integrity between normal and apoptosis cells, AO can penetrate the cell membrane and EB lacks this ability.
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Under uorescence microscope, living cells appear green and apoptotic cells stain red/orange with abnormal membrane (cell blebbing) and nuclear morphology (apoptotic bodies). [74] [75] [76] The results clearly indicated that both complexes were capable to induce apoptosis in DL cell line. Moreover, aer calculating the percentages of viable and apoptotic cells, it is suggested that complex 2 induces apoptosis more than complex 1 (Fig. 15) . A similar results were also reported with copper(II) complex with phenanthroline which induced apoptosis, cell cycle arrest (G0/ G1) and consequently prevent cell proliferations in tumor cell (Sarcoma-180) tested in vitro.
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Copper complexes with phenanthroline also have DNA binding and cleaving ability 77, 78 which may be a possible reason for inducing apoptotic cell death in DL cells by complex 1 and 2. The connection between DNA damage and apoptosis has been very well established and executed by lesion-sensors (MMR), signal transducers (ATM) and transcription regulation. 79 
Molecular docking study: protein-ligands interactions
The encouraging cytotoxicity and apoptotic cell death induced by test compounds 1 and 2 against DL cell line prompted us to perform molecular docking studies to understand the complexprotein interactions and also to gain deeper insight about the possible molecular mode of action. Molecular docking simulation is an established computational method in the eld of medicinal chemistry to assist early drug discovery and development. It can be used to generate ideas on compounds or macromolecule 3D conformation, protein-ligand interactions, and to make predictions on biological activities.
80,81
The receptors (cancer target proteins) used in the present study are highly expressed and closely involved at various stages of cell proliferations which eventually leads to propagation and invasion of cancer cells. [82] [83] [84] [85] Docking was validated by redocking the original ligands present in active site of receptors as observed in crystallographic PDB les (PDB ID: 4XV2, 5LWE, 4FLH and 1XKK). The docking of the compounds 1 and 2 were carried out in the inhibitor binding site as per information mentioned in crystallographic pdb les of all receptors (Fig. 18) . The docking results showed that both compound interacted well in the active site amino acids residues of all receptors ( Fig. 16 and 17) . Docking of compounds 1 and 2 in the active sites of B-RAF kinase, PI3K-gamma receptors, CC chemokine receptor and EGFR kinase domain have been determined since these cancer targets proteins are over-expressed in multiple cancer types such as melanoma, colorectal, thyroid, non-small cell lung cancer, ovarian cancer, prostate cancer, pancreatic cancer, large B cell lymphoma, colon, brain, gastric, breast, bladder cancer and glioblastoma. [82] [83] [84] [85] Moreover, these receptors are attractive targets for the diagnosis and treatment of various cancers.
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The docking studies revealed that compound 2 docked in the active site of all the target proteins with signicant higher docking scores by virtue of hydrogen bonds (B-RAF kinase: CYS532, CYS532; CC chemokine receptor: PHE324, ARG323; EGFR kinase domain: ASP855, LYS745, ARG841 and PI3K-gamma receptors: ASP964, TYR867) and it was further validated by docking their respective standard inhibitors in the active site (Fig. 18) . Based on the docking study, both compounds indicated anticancer potential which can be explained with their efficient interaction with cancer target proteins. Further, Structure Activity Relationships (SAR) of compound 1 and 2 was determined based on docking outcomes 86 as well as bioassay results available in NCBI database (https://www.ncbi.nlm.nih.gov/) for the parental template of both complexes (Fig. 19) . The analysis of SAR enables to understand specic chemical group(s) in molecular structure related to possible biological activities in the organism. 87 From the docking based SAR analysis it has been observed that oxygen atoms with atom label -1 and 3 and nitrogen with 1 and 2 in complex 1 while, in complex 2 oxygen atoms with atom label -1, 2, 3, 4 and 5 showed major role during interactions with B-RAF kinase, CC chemokine receptor, EGFR kinase domain and PI3K-gamma receptors. SAR analysis on the basis of available bioassays in NCBI database, it was found that phenanthroline nuclei inhibit MTORC1, PR, ER-beta and AR signaling pathways. The involvement of MTORC1, PR, ER-beta and AR signaling pathways are very well connected with cancer cell proliferations and metastasis in multiple cancer type. 88, 89 The benzoate moieties in both the complexes are also associated with cyclooxygenase inhibition, antineoplastic, hypoglycemic, contraceptive and anti-inammatory activity and representing properties of multifunctional ligand. Our results together provide further 
Conclusion
Two new supramolecular coordination solids of Cu(II) have been synthesized and characterized by single X-ray diffraction, electronic, vibrational, EPR spectroscopy and TGA. The structural topology and the self-assembly processes of the synthesized complexes are solvent-driven and suggestive of a potentially useful methodology for controlling and predicting coordination network architectures. We have evaluated energetically the strength of the intramolecular parallel chelate rings in compound 1 and the symmetrically related CR/p interactions in 2. These energetically signicant interactions are responsible for the geometry of the cationic moiety of compound 1 and the stabilization of the innite 1D chain in 2. Compound 1 exhibits highest antibacterial activity against Rhizobium leguminosarum among the tested cultures. The in vitro anticancer studies of compounds 1 and 2 in malignant DL cell line considering cytotoxicity, apoptosis and molecular docking parameters suggest that the compound 2 induces cytotoxicity and apoptosis in DL cells. Further, both compounds interacts with wide range of cancer causing signaling proteins in their active sites and would be promising as a new type of anticancer agent with inhibitory activities against cancer cells. Functional analysis of both the compounds using SAR study further establishes the involvements of oxygen and nitrogen atoms in different biological activities.
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